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a b s t r a c t
Hydrous alteration of olivine is capable of producing molecular hydrogen (H2) under a wide variety
of hydrothermal conditions. Although olivine hydrolysis (i.e., serpentinization) has commonly been
assessed at elevated temperatures (4100 1C), the nature of these reactions in relation to H2 production
at lower temperatures has not been systematically evaluated, especially with regard to carbonate-rich
ﬂuids. Speciﬁcally, carbonate formation may kinetically infringe on geochemical routes related to
serpentinization and H2 production at lower temperatures. Here time-dependent interactions of solid,
liquid, and gaseous phases with respect to olivine hydrolysis in a carbonate-rich solution (20 mM HCO3
) at
30, 50 and 70 1C for 315 days is investigated experimentally. Within the ﬁrst two months, amorphous Si-
rich (i.e., talc-like) and carbonate phases precipitated; however, no inhibition of olivine dissolution is
observed at any temperature based on surface chemistry analyses. High-resolution surface analyses conﬁrm
that precipitates grew as spheroids or vertically to form topographic highs allowing further dissolution of
the free olivine surfaces and exposing potential catalysts. Despite no magnetite (Fe3O4) being detected, H2
increased with time in experiments carried out at 70 1C, indicating an alternative coupled route for Fe
oxidation and H2 production. Spectrophotometry analyses show that aqueous Fe(II) is largely converted to
Fe(III) potentially integrating into other phases such as serpentine and talc, thus providing a viable pathway
for H2 production. No increase in H2 production was observed in experiments carried out at 30 and 50 1C
supporting observations that incorporation of Fe(II) into carbonates occurred faster than the intertwined
processes of olivine hydrolysis and Fe(III) oxidation. Overall, carbonate formation is conﬁrmed to be a major
inﬂuence related to H2 production in low-temperature serpentinization systems.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).
1. Introduction
Ultramaﬁc rocks comprise a major part of the oceanic litho-
sphere and consist of up to 50% of olivine (McDonough and Sun,
1995; Sobolev et al., 2005). Some olivine-rich systems on Earth are
present within habitable, low-temperature aqueous environments
and are undergoing hydrolysis (i.e., serpentinization, from Oze
et al. (2012)). Hydrolysis of olivine can result in the formation of
molecular hydrogen (H2) as a result of the oxidation of ferrous iron
(Fe(II)) in olivine and the concomitant reduction of water as shown
below.
ðMg0:88Fe0:12Þ2SiO4þ1:34H2O-olivineþwater
0:5Mg3Si2O5ðOHÞ4þ0:26MgðOHÞ2þ0:08Fe3O4þ0:08H2
serpentineþbruciteþmagnetiteþdihydrogen ð1Þ
Usually, ferric iron (Fe(III)) is incorporated into magnetite (Fe3O4),
brucite (Mg(OH)2) and/or serpentine minerals ((Mg,Fe)3Si2O5(OH)4)
depending on activity of Si, water to rock ratios, temperature and
compositional differences of the protolith; however, not all reactions
lead to the formation of H2 (Evans, 2008; Frost and Beard, 2007; Klein
et al., 2013; McCollom and Bach, 2009; Seyfried et al., 2007). When H2
is formed it serves as a strong reducing agent in many reactions,
thus contributing to the presence of reduced species within the
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serpentinization system such as Ni–Fe-alloys, CH4, magnetite and
hydrocarbons (Berndt et al., 1996; Charlou et al., 2002; Frost, 1985;
Frost and Beard, 2007; Haggerty, 1991; Holm and Charlou, 2001; Konn
et al., 2009). In basaltic environments in which the Si concentration is
higher, the serpentinization reaction commonly leads to the formation
of talc and serpentine (Hietanen, 1973).
3ðMg; FeÞ2SiO4þ5SiO2þ2H2O-2ðMg; FeÞ3ðOHÞ2Si4O10 ð2Þ
Molecular hydrogen (H2) is an essential metabolic component for
many microbial species, indicating that serpentine systems, such as
oceanic peridotites, continental basalts and peridotite-hosted
hydrothermal systems, could be suitable for hosting microbes
(Evans, 2008; Frost and Beard, 2007; Früh-Green et al., 2004;
Hellevang, 2008; Klein et al., 2013; Krumholz, 2000; McCollom
and Bach, 2009; Nealson et al., 2005; Pedersen, 1993; Schulte et al.,
2006; Schwarzenbach et al., 2013; Seyfried et al., 2007; Sleep et al.,
2011). Even though H2 formation rate is slow at low temperatures
needed for microbial life (o110 1C), it has been shown that some
methanogenic archaea have the possibility to grow at very low H2
pressures (Berndt et al., 1996; Charlou et al., 2002; Frost, 1985; Frost
and Beard, 2007; Haggerty, 1991; Holm and Charlou, 2001; Konn et
al., 2009; Kral et al., 1998; Schnürer et al., 1997), which is consistent
with the ﬁndings in natural systems. This means that as long as the
concentration of H2 formed is equal to the microbial need, it will
support the growth of the microbial community. However, the
survival of a microbial community can be sustained with even
lower H2 levels as some species can be dormant and wait for higher
H2 concentration to accumulate (Hugoni et al., 2013). In Si-rich,
basaltic systems, there is usually enough H2 for sustaining some
microbial communities (Sleep et al., 2011).
In some of the low temperature environments mentioned
above, carbonates are common and may inﬂuence the hydrolysis
of olivine (Giammar et al., 2005; Hänchen et al., 2008; 2006;
Pokrovsky and Schott, 2000a; 2000b; Prigiobbe et al., 2009). Some
studies report a dissolution rate decrease of olivine in a solution
with added HCO3 (Pokrovsky and Schott, 2000a), whereas others
show an olivine dissolution rate not affected by the addition of
HCO3 (Golubev et al., 2005). In any case, low-reactive carbonates
and hydroxides may precipitate and cover the surface of the
dissolving olivine, thus preventing further access to the solution
and the coupled dissolution (Golubev et al., 2005). Also, ferrous
iron has been shown to be incorporated into carbonates more
rapidly than the oxidation into ferric iron, which will concomi-
tantly prevent the formation of H2 and CH4 (Jones et al., 2010).
Notably, it was also shown that the precipitation of carbonates
only temporarily decreased the production of H2, but the produc-
tion increased again after the removal of excess carbonates due to
precipitation. In the case of a continuous supply of HCO3 species
in a solution, H2 and CH4 formation will be at a minimum.
Additionally, the presence of Si in the solution may lead to the
co-precipitation of silica and carbonates, which will stabilize the
amorphous carbonate species and prevent any further chemical
exchange with the solution (Kellermeier et al., 2010). This should
result in a decrease of olivine dissolution due to the insoluble silica
and carbonate products on the surface.
In this study we investigate the potential abiotic formation of
H2 through the experimental alteration of olivine in habitable
environments rich in Na-carbonate and with an increasing con-
centration of Si. The objective is to evaluate the ability of forming
H2 through the experimental low temperature alteration of olivine
in the presence of HCO3 and Si and to investigate the possibility of
accumulating enough H2 for microbial growth according to earlier
studies (Kral et al., 1998; Schnürer et al., 1997). Low temperature
serpentinization experiments in an environment with Si and
HCO3 may clarify pathways for H2 formation even at temperatures
too low to produce magnetite.
2. Materials and methods
All details of the experimental, modeling and analytical meth-
ods are presented in Appendix A as supplementary information.
Below is a brief summary of the experimental setup. Olivine sand
(speciﬁc surface area of 0.4044 m2/g) was exposed to an aqueous
20 mM Na-carbonate (Na2CO3) solution at 30 1C, 50 1C and 70 1C
and with increasing Si concentrations (0.3–0.9 mM at 30 1C,
0.4–0.9 mM at 50 1C and 0.4–3.8 mM at 70 1C) to investigate the
inﬂuence of temperature, Si concentration and HCO3 on the
formation of carbonates and the formation of H2.
The geochemical software PHREEQC-2 (Parkhurst and Appleo,
1999) was used to simulate the kinetic olivine alteration and
formation of secondary mineral phases. We utilized the llnl.dat
database based on the thermo.com.V8.R6.230 thermodynamic
dataset prepared at the Lawrence Livermore National Laboratory.
We ﬁrst estimated the thermodynamic stability of forsterite90 by
deﬁning an ideal solid-solution between two end-members for-
sterite (pure Mg-olivine) and fayalite (Fe-endmember). This Fo90
composition is similar to the ones used in the present experi-
mental study and also in experiments used to derive rate con-
stants for the kinetic simulations (Pokrovsky and Schott, 2000a;
Oelkers et al., 2008). We then used the estimated Fo90 equilibrium
constant and temperature dependence in the following simula-
tions. The forsterite was deﬁned to dissolve according to the rate
equations given in Appendix A2. Secondary phases were allowed
to form as soon as they reached supersaturation. From mineral
phases in the llnl.dat database, we chose talc, hematite, magnetite,
quartz, siderite, goethite and brucite as possible secondary phases.
To track the gas evolution in PHREEQC we used the GAS_PHASE
keyword, allowing a constant-volume simulation for the gas phase
equilibrated with the aqueous solution.
3. Results and discussions
3.1. Liquid phase
All raw ICP data can be found in Appendix A. The concentration
(ppb) of Zn in solution increases linearly with time and temperature
(Fig. 1a–c), which makes Zn a suitable tracer for olivine alteration.
Using Zn as a tracer gives a calculated average net dissolution rate
(sample-blanks) of 1.55 nmol/day at 30 1C, 3.07 nmol/day at 50 1C and
13.50 nmol/day at 70 1C. All rates calculated from Zn are released into
solution. The Zn concentration in the olivine bulk material was
48.8 ppm (Appendix A, (Haug et al., 2010)). By using the dissolution
rates calculated from Zn release, the calculated Fe concentration in
solution is sufﬁcient to form all the measured H2 (average rate of
0.51 nmol/day) in the headspace.
In contrast to the Zn concentrations, Mg and Fe ﬂuctuate at
30 1C (Fig. 1d and g). There is an initial increase in the concentra-
tions of Mg and Fe, which likely reﬂects enhanced dissolution of
the two elements during autoclaving. At higher temperatures, Mg
and Fe concentrations decrease and stabilize (Fig. 1e,f and h,i).
At 70 1C, the Mg and Fe concentrations decrease rapidly to almost
zero after 133 days and seem to reach a steady-state (Fig. 1f and i).
The decrease of elements in solution can be explained by pre-
cipitation on the surface of the olivine and within the liquid, see
Section 3.2. The total concentration (ppb) of Si increases with both
time and temperature (Fig. 1j–l). The average net Si concentrations
ﬂuctuate within the limits of error when the blank Si input is
subtracted from the samples (sample-blank, nmol, Fig. 1m–o)
resulting in Si rates of 4.99 mmol/day at 30 1C, 2.69 mmol/day
at 50 1C and 0.81 mmol/day at 30 1C. This shows that Si is
precipitating at a rate that increases with increasing temperature,
which is consistent with the observations that the precipitates
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were mainly found in samples of experiments carried out at 70 1C;
see Section 3.2.
Some liquid samples were analyzed for Fe(II) and Fe(III) using
spectrophotometry. The absorbance for Fe(II) was an order of
magnitude less than the lowest standard curve measurement. This
means that a quantitative estimation of the Fe(II) concentration
could not be established. It can, however, be concluded that the
total amount of Fe(II) in the samples was less than 0.025 ppm and
that the residual Fe was Fe(III) at all temperatures and after 315
days of incubation. The total Fe concentration measured by ICP-
OES in the bottles was higher than the estimated concentrations of
Fe(II) and Fe(III) due to the ﬁltration of colloidal Fe species that
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Fig. 1. Measured (with ICP-AES) concentrations of Zn (a–c, ppb), Mg (d–f, ppb), Fe (g–i, ppb), Si (j–l, ppb) and Si (m–o, nmol) in solution in the experiments carried out at 30
(a, d, g, j, m), 50 (b, e, h, k, n) and 70 1C (c, f, i, l, o) experiments. Featured plots show the total amount of the element concentration in ppb. No withdrawal of control input
was made. The error bars reﬂect the differences in sample conditions and not measurement errors. The Si concentrations showed in (m–o) show the net concentration of Si
in solution in nmol where blank samples have been withdrawn from the samples.
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made the solutions slightly cloudy. The total Fe in solution could
not be quantiﬁed; however, the increase in absorbance conﬁrms
the presence of Fe(III).
3.2. Solid phase
All olivine bulk data is represented in Appendix A. Mineralo-
gical analyses of the initial olivine material using XRD and Raman
show that the sample is 96% forsterite-dominated olivine
(Mg1.8Fe0.2SiO4) with 4% accessory minerals such as clinochlore
((Mg5Al)(AlSi3)O10(OH)8), phlogopite (KMg3AlSi3O10(F,OH)2), talc
(Mg3Si4O10(OH)2) and small amounts (less than 1%) of Cr- and Fe-
bearing magnetite/spinel (Neubeck et al., 2011). Traces of horn-
blende and mica have also been observed by Haug et al. (2010).
Magnesite (MgCO3) is present in all XRD spectra but barely over
noise level. Final (after experiment termination) XRD analyses of
material incubated for 315 days show some lowering of the initial
peaks but the differences are small.
After less than 43 days of incubation, white, sheet-like pre-
cipitates started to form in bottles used when carrying out the
experiment at 70 1C (Fig. 2). When washed with 95% ethanol and
Milli-Q water, dried and analyzed by ESEM, four different phases
(Fig. 3) are present: 1) a sheet-like Si, Mg and C-rich phase
(Fig. 3a), 2) an Fe-containing phase also coupled with sheet-like
phases (Fig. 3b), 3) a phase consisting of 1–2 μm spheres of Mg, C
and Si (Fig. 3c) and 4) a phase consisting of small E1 μm sized
spheres consisting of Zn, S, Mg, Si and C (Fig. 3d) always
incorporated into the sheet-like precipitate. When treated with
acid, parts of the precipitate dissociated in a strong bubbling
reaction from CO2 escape. The residual precipitate is strongly
attached to the glass slide and consists of Mg- and Si-bearing
crystals. The sheet-like and Fe-containing phases have Mg/Si ratios
around 0.82 and 0.92 respectively, and these ratios are between
serpentine (1.5) and talc (0.75). Chrysotile was detected with Raman
spectroscopy but not with XRD, which could be due to incomplete
formation of well-deﬁned crystals such as the formation of micro-
crystalline/amorphous talc-like secondary phases. No precipitates
could be observed in the 30 1C and 50 1C experiments. Hydrated
Fig. 2. Incubation bottles and precipitates as white sheets ﬂoating in the solution in
experiments carried out at 70 1C.
Fig. 3. ESEM-EDS images of the precipitates forming in the bottles at 70 1C, where (a) shows the sheet-like precipitates, (b) an Fe-rich amorphous phase, (c) carbonate-rich
spheres and (d) Zn-containing spheres. The arrows point out from where the EDS-spectra were taken.
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magnesium silicates with talc-resembling structures were detected by
IR (with a spectral resolution of 4 cm1) and traces of carbonates
could not be excluded (Fig. 4). The material is silicate. From reference
library of IR spectra (Sadtler IR database of inorganic materials)
hydrated magnesium silicate shows the best match. Bands for isolated
OH group (can be MgOH) and OH groups in structural or physisorbed
water can be observed and is represented by stretching band at
3678 cm1. The broad band at 1424 cm1 may belong to carbonate
ions. A splitting in the sharp bands of isolated OH groups is present.
This splitting is typical in talc-like compounds when other divalent
cations replace Mg2þ ions (Wilkins and Ito, 1967). The extent of this
replacement may not be very signiﬁcant as the split of Si–O bands
(stretching band at 1001 cm−1 and the Si–O–Si deformation band at
443 cm−1) is not observed in contrast to IR spectra of similar structures
(Golightly and Arancibia, 1979; Wilkins and Ito, 1967; Yariv and Heller-
Kallai, 1975).
Precipitated secondary minerals on the olivine surface were
analyzed with ESEM and showed the presence of small Fe-
containing crystals with a molar ratio close to serpentine. Also
Mg/Si ratio was 1.6, which is close to serpentine. The difference
between the precipitates in solution and on the surface is the
amount of Mg compared with Si. The concentration of Mg is higher
in precipitates on the olivine surface compared with precipitates in
solution, suggesting a transition from olivine (Mg/Si¼2) through
serpentine (Mg/Si¼1.5) and forward to talc (Mg/Si¼0.75).
About 1% of the Fe(II) in the incubated olivine is shown to be
converted to Fe(III) using Mössbauer spectroscopy. In contrast,
about 8% of the precipitates within the solution was measured to
be Fe(III), even though the data may not truly reﬂect Fe oxidation
process due to the possibility that some of the Fe(II) within the
precipitate was oxidized during the drying process. No peaks
coincided with magnetite or hematite. Magnetite is reported to
be unstable at temperatures less than 150 1C (Klein et al., 2013)
which could explain the lack of observed magnetite as well as slow
kinetics at prevailing experimental temperatures. Also, a system
with high Si activity favors the uptake of Fe into talc prior to
magnetite (Frost and Beard, 2007; Mayhew et al., 2013).
Surface, single-grain spot analyses with XPS show a decrease in
Fe, a shift in the Mg line, an increase and shift in Si as well as the
appearance of a carbonate line (line 290.1) on the weathered grain
surface (Fig. 5). Shift in Si 2p peaks to a higher binding energy is
consistent with the formation of silica and shift in Mg 2s peaks to a
higher binding energy is consistent with oxidation of Mg (Schulze
et al., 2004). This suggests formation of talc/serpentine and
carbonates in the bottles and on the olivine surface.
A reduction in topographical scaling by 8.99% but increased
roughness of the surface is observed with proﬁlometry (compare
legends in Fig. 6a and b). This means that differences between the
highest and the lowest points on the olivine surface are less on
the incubated olivine surface in comparison to the initial surface.
However, the roughness of the surface on a smaller scale has
increased on the incubated olivine surface in comparison to the
initial olivine surface. Initial pits are partly ﬁlled with precipitates
and the topographic differences decrease. Small, rounded struc-
tures with sizes of 2 mm or less are present on the surface after
nearly one year of incubation (Fig. 6b). These rounded crystals
were measured with XPS (Fig. 5) and the binding energy
(1022.9 eV) for the Zn line coincided with ZnO (Khallaf et al.,
2009) or possibly ZnS (Xu et al., 1998).
Due to this experimental system being far from equilibrium
and the inherent slow reaction rates, the talc/serpentine resem-
bling phase is probably a metastable, poorly crystalline, inter-
mediate serpentine and/or talc phase.
3.3. H2 gas
A rapid increase in H2 generation to a maximum of
11.2570.30 nmol/g olivine was observed (Fig. 7) at the beginning
of the experiment and is interpreted to be caused by autoclaving of
bottles together with the olivine. An increase from 2.6570.44 to
3.7970.35 nmol/g of olivine was observed in experiments carried
out at 70 1C between days 43 and 315 (Fig. 7c) whereas the H2
concentration in experiments carried out at 30 and 50 1C was
stable around 3.1270.39 and 3.4870.31 respectively (Fig. 7a
and b). A slope–intercept trendline for the data between day 43
to 315 increases the rate of H2 formation by 0.0001 at 30 1C,
0.0004 at 50 1C and 0.0042 at 70 1C.
The use of control samples shows that the background H2 was
too low to explain the accumulated H2 in experiments. Also, no
hydrocarbons were distinguishable with IR within the material,
neither in the pure olivine nor in accessory minerals. No gas
phases were observed in any of the spinel melt inclusions found in
the material and no signiﬁcant CH4 or adsorbed H2 amounts were
observed within the unweathered olivine crystals. Little or no OH
groups are present within the pure olivine crystals, whereas
intense OH bands are observed within the accessory minerals
(Fig. 8). This means that the accessory minerals may contain
adsorbed water and/or OH groups in a larger amount than in the
pure olivine crystals. The intensity variation of the OH groups in
both plots (Fig. 8 a and b) may depend on the orientation of the
olivine crystals but some of the observed H2 may have been
released from accessory minerals present in the initial bulk
material. Oxidation of Fe(II) through olivine and accessory mineral
alteration is another possible source of H2. According to Mayhew
et al. (2013) spinels play an important role in the generation of H2
both through the direct reduction of water at the mineral surface
and/or by the interfacial electron transfer between the spinel
surface and the adsorbed aqueous Fe(II). This is a possible source
in this experiment because of the presence of accessory spinels.
However, the bulk material surface measurements using XPS
before and after incubation show an almost total disappearance
of Fe from the surface (Fig. 5). This suggests that other phases
could host Fe(II) for H2 generation as well. Fe(III) could be
incorporated into talc and serpentine (see the simpliﬁed Eq. (3))
which could contribute to the generation of H2 (Evans, 2010;
Forbes, 1969, 1971; Klein et al., 2013; Marcaillou et al., 2011; Noack
et al., 1986). Forbes (1969) describes that low temperature talc
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incorporates both Fe(II) and Fe(III) in its crystal structure
and suggest that the formula for ferric talc would be (Mg3(zþy)
Fe2þz Fe3þy )(Si4xFe3þx )O10þyx(OH)2yþx, which shows that Fe
(III) is substituting not only Mg, but also Si. The formula given
below is a suggestion of a possible pathway for the oxidation and
incorporation of Fe(III) into talc.
2ðFeðIIÞ;MgÞ2SiO4þ2H2OþSiO2 ¼ ðMg; Fe2ðIIÞ; FeðIIIÞÞðSi3FeðIIIÞÞO10ðOHÞ2þH2
olivineþwaterþsilica-talcþdihydrogen gas
ð3Þ
Fig. 6. Proﬁlometry images showing an olivine surface before and after incubation at room temperature for 360 days in which I shows a plain olivine surface that after
incubation show an increase roughness and a buildup of amorphous silica, II shows an increased elevation, III shows how a rough area expands into the plain surface and IV
shows precipitates of rounded crystals on the surface. Note the different scales.
Line
BE, eV FWHM, eV AC, at.% BE, eV FWHM, eV AC, at.%
C 1s 285.0 2.2 5.15 hydrocarbon C-H, C-C 285.0 1.5 3.3 hydrocarbon C-H, C-C
286.9 1.85 0.94 C C-Cl 286.6 1.6 1.04 C C-Cl
ROOC74.056.17.882ROOC51.158.10.982
290.1 1.4 1.12 carbonate
O 1s 531.7 2.25 41.42 531.8 1.5 7.14
533.1 2.25 18.22 533.1 1.7 51.79
Si 2p 102.5 2.15 14.49
103.9 1.6 19.4
Mg 2s 88.7 2.2 17 89.9 1.85 12.2
Fe 2p 3/2 709.8 2.6
712.3 2.9
on2/3p2nZ 1022.9 1.8 0.45
1.64 traces
Olivine initial Olivine reacted 70 C
Zn 2p 3/2
O1s
C1s
Mg2s
Si2p
Fig. 5. X-ray Photoelectron Spectroscopy Spectrum showing intensity in counts per second (cps) on the y-axis and the binding energy in electron volts (eV) on the x-axis and
a table showing the measured values in Binding energy (BE, eV), Full Width at Half-Maximum (FWHM, eV) and Atomic Concentration (AC, at%). The red rings showmeasured
peaks as presented in the table. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Without H2 being resupplied from serpentinization, H2 produced
earlier in experiments is removed through a variety of processes.
For example, H2 may react with a carbon source to produce CH4;
however, CH4 formation is a slow process and this does not serve
as a major or fast route of H2 depletion. The slow rate and minimal
formation of CH4 agree with what is observed in our experiments.
The most likely scenario is that H2 continues to work as a buffer
removing possible minor quantities of O2 from the system. With
this in mind, H2 was more than likely to react with O2 at the onset
of the experiments; however, the rate of H2 production was
greater than consumption by O2. This means that H2 production
rates shown in Fig. 2 are more than likely minimum rates (i.e.,
faster if no O2 was present in the system). The non-increasing
trend of H2 accumulation at 30 and 50 1C could also be due to
absence of H2 formation or a formation process too slow to
accumulate enough H2 to create an increase in the background
level that was established through the autoclaving process. When
olivine sand is autoclaved together with the solution in 120oC for
1 h and at elevated pressures, there is a rapid start of the olivine
alteration process and thus also the formation of H2.
As shown in all of our experiments (Neubeck et al., 2011), H2
initially increases at the onset of the experiments and then rapidly
decreases to near constant after 10 days. This pattern of H2
evolution may be explained by evaluating the role and dynamics
of carbonate formation and H2 consumption. Initially, carbonates
such as calcite are slightly supersaturated in the solutions and
carbonate formation is slow at these low temperatures (Palandri
and Kharaka, 2004). Both conditions allow Fe2þ oxidation related
to serpentinization to occur, thereby producing H2. However, as
serpentinization and H2 production proceed, pH of ﬂuids increases
as a result of this process, thereby increasing/forcing carbonate
supersaturation as shown in Fig. 9. Over time, the thermodynamic
drive for carbonate formation increases. With carbonate formation
signiﬁcantly enhanced, Fe2þ oxidation would be suppressed as
carbonate formation is a faster process as shown by Jones et al.
(2010). At this point (i.e., at 10 days), H2 production is limited.
3.4. PHREEQC modeling
All the PHREEQC modeling results represent equilibrium
conditions, whereas the experiment system is clearly a non-
equilibrium system. All modeling results are made with the
purpose of understanding especially the formation of solid pro-
ducts. The kinetic factors that play an important role in experi-
ments are in the model prediction based on an idealized,
equilibrium system.
Modeled results of elemental release into solution follow a
general trend; however, a large spread is present in the ﬁrst 43
days of experiment of incubation (Fig. 10) due to autoclaving and
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Fig. 7. Concentration of measured headspace H2 gas plotted as nmol/g olivine at (a) 30 1C, (b) 50 1C and (c) 70 1C from day 43 to day 315. The points represent a mean of
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thus an increased reaction rate in the experiment bottles, gen-
erating a rapid release of elements into the system. After 43 days
of incubation and taking error into consideration (Fig. 10 d, e, and
g, h) it can be concluded that there is a low spread and high
conformity of Mg and Zn data points, signifying an actual ﬂuctua-
tion. The Zn results show a linear increase with time and no sign of
reaching equilibrium. Modeled and measured values for Fe in
solution are conﬂicting (10 c,f,i). The modeled Fe concentrations
increase with time and reach a steady-state after 50–60 days of
incubation, whereas the actual concentrations decrease. The
model predicts a steady-state saturation of Fe at about 104 mol/
kgw, whereas the experiment results show that an almost steady
state is reached at 106 mol/kgw. The lower agreement between
modeled and measured Fe values is likely due to the lack of
possible intermediate secondary precipitates in the PHREEQ-C
database. The actual precipitation rate will thus be higher and
Fig. 10. ICP-AES and PHREEQ-C analyses of Mg (a–c), Zn (d–f) and Fe(g–i) in solution in the experiments conducted at 30 (a, d, g), 50 (b, e, h) and 70 1C (c, f, i). Featured plots
show the total amount of the element concentration in ppb. No withdrawal of control input was made. Red dots are the measured values and the blue line represents the
predicted PHREEQC value. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 11. Aqueous activity diagrams showing the experimental datapoints (circles) compared to the solubilities of calcite (CaCO3), dolomite (MgCa(CO3)2), magnesite (MgCO3),
hydromagnesite (Mg5(CO3)4(OH)2 4H2O) and nesquehonite (MgCO3 3H2O). Dashed lines denotes metastable regions.
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faster than the modeled predictions. In general, there is an
increased agreement for Mg and Zn data between the modeled
and the actual results with increased temperatures. A better
agreement with the modeled and actual results are likely due to
the fact that the experiment system is closer to equilibrium at
higher temperatures.
Due to the presence of carbonates observed in the experiments
by ESEM, XPS (Figs. 3 and 5, respectively) and IR (Fig. 4) and the
ambiguous mineralogical data, the stability of carbonates was
investigated through PHREEQC modeling using measured Mg
and Ca data and pH (Fig. 11). The (Mg2þ)/(Hþ)2 ratio appears to
increase and pass both pure magnesite (MgCO3) and hydromag-
nesite (Mg5(CO3)4(OH)2 4H2O) before approaching the saturation
value of nesquehonite (MgCO3 3H2O). Experimental solutions are
suggested to be undersaturated with respect to pure iron oxides at
30 1C and for most of the 50 1C samples. The olivine alteration
leads to progressively more reducing conditions and higher pH
and experiments, therefore, all progress towards the magnetite
stability ﬁeld. At 70 1C, most solutions are close to or within the
magnetite stability ﬁeld and the reactions appear to progress along
the hematite–magnetite univariant divide (Fig. 12). The aqueous
solutions are within the talc stability ﬁeld (Fig. 13) approaching
brucite and amorphous silica.
The dynamics of carbonate saturation over time are assessed in
Fig. 9 where calcite (CaCO3), siderite (FeCO3) and dolomite (CaMg
(CO3)2) saturation index (SI) values are shown. These SI values
were calculated using average pH, Ca, Mg, Fe (as Fe2þ due to the
basic pHs and reducing conditions), and HCO3 values obtained
from direct measurements of the ﬂuids. Note that not all experi-
mental runs are included in Fig. 9 due to insufﬁcient data to
perform the calculation. Sodium was excluded to simplify the
calculations. By assuming Fe as Fe2þ , siderite SI values reported are
maximum values and will be less if Fe redox speciationwas allowed to
occur. At the onset of the experiment, pH values are 8; however,
these values increase rapidly within the ﬁrst 10 days arriving at
average ﬁnal pH values for the experiments of 9. All experiments are
supersaturated with respect to calcite, siderite and dolomite. Siderite
and dolomite are more supersaturated with respect to calcite. Calcite is
more saturated at higher temperatures and vice versa for siderite.
More importantly, calcite (and to some extent dolomite) supersatura-
tion increases with respect to time, whereas siderite supersaturation
decreases (i.e., approaches equilibrium).
3.5. Carbonates and Si
Due to the low crystallinity of the precipitated material (observed
using optical microscopy), some techniques failed to establish statis-
tically reliable spectra for mineral determination. Minerals such as
siderite were detected only once by Raman and have to be considered
with caution. However, all techniques (ESEM, Raman, IR and XPS)
conﬁrm the presence of carbonate phases. Model predictions suggest
a supersaturated solution with respect to CaCO3 (Fig. 11) at all
Fig. 12. Experimental datapoints (circles) compared to the stability ﬁelds of hematite, magnetite, and Fe2þ at total Fe of 108 mol/Kgw. The dashed black lines denote
metastable divides, whereas the blue dashed lines give the water stability at 1 atm H2. The black arrows indicate the direction in which experimental solutions evolved.
(a) 30 1C, (b) 50 1C and (c) 70 1C. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 13. Aqueous activity diagrams for MgO–SiO2–H2O system (a–c). Circles shows the experimental datapoints and the arrows indicate the overall direction of the aqueous
solutions with time. (a) 30 1C, (b) 50 1C and (c) 70 1C.
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temperatures and an increased stability with increasing temperature
with respect to nesquehonite. At 30 1C, the stability ﬁeld is extended
over the stability of hydromagnesite and nesquehonite, which is in
agreement with similar studies under the same conditions (Hänchen
et al., 2008). Magnesite (MgCO3) is reported to require temperatures
over 60 1C, elevated CO2 pressures and/or high salinities to precipitate
but nesquehonite, on the other hand, is reported to occur at 25 1C and
pCO2¼ 1 bar (Zhang et al., 2006). At higher temperatures, nesqueho-
nite is usually transformed into hydromagnesite, which is in contrast
to experiments studied here. The explanation for this partial
dehydration-process when transforming highly hydrated hydromag-
nesite into nesquehonite is likely due to slow kinetics and a non-
equilibrium system. The addition of Si to a solution supersaturated
with respect to carbonate enhances and stabilizes the amorphicity of
the precipitated carbonates through co-precipitation (Kellermeier et
al., 2010). This would explain why much of the precipitated material is
not entirely crystalline and why Si is not increasing linearly (Fig. 1j–o).
Utilizing Zn as a tracer for olivine dissolution, it is clear that the olivine
dissolution is not negatively affected by precipitation (Fig. 1 a–c), due
to C and Si-rich layer only covering some parts of the olivine surface
(Fig. 6). In summary, carbonates were co-precipitating with Si,
preventing magnesite to precipitate and causing the system to,
according to the predicted PHREEQ-C modeled results, reside within
the stability ﬁeld of hydromagnesite and nesquehonite.
4. Conclusions
Our results show that H2 forms through the alteration of
natural olivine and accessory minerals at temperature as low as
30 1C without the precipitation of magnetite. The formation rate of
H2 as well as the precipitation rate of secondary minerals was
highest at 70 1C. The main difference between experiments at
different temperatures are reaction rates, which cause olivine to
alter faster and H2 to form faster at 70 1C compared with 50 1C and
30 1C. We suggest that the electron acceptor for the oxidation of
aqueous Fe(II) is the precipitation of intermediate talc/serpentine-
resembling species (according to Eq. (3)) observed by Raman, IR,
ESEM and XPS. This is also supported by PHREEQC modeling that
suggests that the aqueous solutions are within the stability ﬁeld of
talc. A major part of Fe(III) was found in precipitates in solution
and not on the olivine surface, suggesting that a major part of
ferrous oxidation was coupled to the metastable, intermediate
and amorphous phases of talc and a minor part coupled to the
formation of serpentine minerals on the olivine surfaces. Previous
studies have shown that spinels may act as strong catalysts for H2
formation at low temperatures (Mayhew et al., 2013), which is in
agreement with this study because of the presence of spinel
phases within the initial bulk material (Neubeck et al., 2011).
The results from these experiments and modeling also support
a similar redox reaction pathway for iron as reported by Jones et al.
(2010) in which there is preferential incorporation of Fe(II) in
carbonates rather than an oxidation of Fe(II) when the alteration of
olivine occurs in a carbonate-supersaturated solution. This simple
and evidence-supported pathway explains the lack of H2 increase
in these experiments and may explain low H2 and H2-driven CH4
production levels observed in other experiments. A buildup of an
uneven Si-rich layer was observed on the olivine surface allowing
for further olivine dissolution. This allows the serpentinization
reaction to proceed even though precipitation is occurring both on
the surface of the olivine and in the solution.
Kral et al. (1998) show that some microorganisms can be
sustained in H2 concentrations as low as 13 ppm which is in the
range of the average concentration in this study in which an
average of 15 ppm was accumulated in the experiments carried
out at 30 1C after 315 days of incubation. Therefore, enough H2
could form from natural low temperature serpentinization envir-
onments to sustain certain microbial communities (Kral et al.,
1998; Schnürer et al., 1997) even when the system is carbonate
supersaturated. Our study implies that low temperature and far
from equilibrium serpentine environments (e.g., such as the
peridotite outcrops in the Ronda massif in Spain (Gervilla and
Leblanc, 1990; van der Wal and Vissers, 1996) or other continental
serpentine outcrops with low temperatures) could be plausible for
hydrogenotrophic life. Another environment that could meet the
criteria of sustaining hydrogenotrophic life at depths could be the
deep Martian subsurface, where liquid water is probable and
where all essential elements are present.
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